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CONTRIBUTIONS PROM THE CHEMICAL LABORATORY 
OF HARVARD COLLEGE. 

AN APPARATUS FOR THE MEASUREMENT OF THE 
EXPANSION OF GASES BY HEAT UNDER 
CONSTANT PRESSURE. 

By Theodore William Richards and Kenneth Lamartine Mark. 

Presented November 12, 1902. Received October 22, 1902. 

Most of the work which has been done upon the relation to the law 
of Gay-Lussac or Dalton * has involved the measurement of changing 
tension in constant volume. The results are neither numerous nor com- 
prehensive enough to justify their use in connection with the scanty data 
concerning Boyle's law, for the construction of the isobars or isopiestic 
lines representing the temperature-volume relation. 

Since in some respects this temperature-volume curve is less difficult 
to interpret than the temperature-pressure curve, and since our knowl- 
edge of the fundamental tendencies underlying the slight but weighty 
irregularities of aeriform material cannot be complete without it, the 
present investigation was undertaken with the object of directly measur- 
ing the expansion of gases under constant pressure. 

It is needless to point out that the results when complete may throw 
important light on the new theory of compressible atoms; indeed this 
hope really caused the beginning of the research. 

In planning an investigation of this kind it is highly important to 
study the degree of definition required by the various experimental 
observations. The coefficient of expansion of hydrogen is not far from 
0.00366 at 0° ; and if the next decimal place of this value is to be 
determined accurately, the temperature, when the range is between 0° 
and 100° C, must be known to within 0.03° O, the pressure under 
which the gas is measured to within 0.02 mm. of mercury, and the 
volume to within ODe part in four thousand. 

* Or Charles. See Klassiker der exakt. Wiss., 44, 14 (1894). 
vol. xxxvm. — 27 
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Volumes, together with the correction for the expansion of the glass, 
can easily be measured with the required accuracy. The temperatures, 
also, of melting ice and of steam, are certainly known to within 0.03° C. ; 
but in the pieces of apparatus previously used, not all of the gas which 
was being measured has been at the temperature of the bath, except in 
some constant volume experiments. In the apparatus of Regnault,* the 
bulb which contained the gas to be measured was connected by a capil- 
lary tube to a graduated cylinder, where the expansion was read by the 
rise and fall of the mercury which closed the lower end of this cylinder. 
Some doubts may be entertained as to the accuracy of the correction to 
be applied for the temperature of the gas in the capillary tube, and also 
as to the perfect equality of temperature throughout the water bath which 
surrounded the graduated cylinder. 

With the exception of Magnus t (who used an apparatus, modelled 
after Gay-Lussac's, which proved very unsatisfactory because of leakage), 
other investigators, as Mendeleeff, $ Andrews, § Kuenen and Randall, || 
and Callendar, ** have employed methods similar to that of Regnault. 
Callendar, instead of correcting for the amount of gas outside the bath, 
introduced a system of automatic compensating tubes. 

The attainment of the required accuracy in the reading of pressures 
is a far more difficult matter than the problem offered by constancy of 
temperature. Regnault states his belief that the height of the barometer 
can be read only to one-tenth of a millimeter. Chappuis, ft however, 
has devised an apparatus, open to the atmosphere, for measurement of 
increased tension in constant volume, by which he makes record of pres- 
sures to the thousandth of a millimeter. Of course, this extra care 
would have been needless if the barometer had been at fault. Cal- 
lendar Jt has overcome the difficulty by using a constant artificial at- 
mosphere, attained by keeping a large gas reservoir packed in ice, and by 
using sulphuric acid instead of mercury in the manometer. The very 
recent work of Travers §§ also attained great uniformity of condition. 
Unfortunately none of these investigators have made any extended 

* Me'moires de l'Academie des Sciences, 21, 112-120 (1847). 

t Poggendorf Annalen, 55, 1-27 (1842) ; 57, 177-199 (1842). 

J Abstract in B., 8, 1681 (1875) ; B., 9, 1311 (1876) ; B., 10, 81 (1877). 

§ Philosophical Transactions, 166, 421-449 (1876). 

|| Proceedings of the Eoyal Society, 59, 60-65 (1895). 
** Proceedings of the Royal Society, 50, 247-251 (1891). 
ft Travaux et Me'moires du Bureau Internat. des Poids et Mesures, 16 (1888). 
}t Proceedings of the Royal Society, 50, 247-261 (1891). 
§§ Abstract in Proc. Roy. Soc, 70, 484 (1902) ; also Chem. News, 86, 61. 
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determinations of the expansion of a gas under constant pressure, and 
Regnault's observations furnish still the only considerable data concern- 
' ing this condition. 

The Apparatus. 

The apparatus about to be described has several advantages over 
others. In the first place all the gas is within the constant bath. Again, 
a smaller range of temperature is used, thus involving less uncertainty on 
account of the changing of coefficient of expansion with the temperature. 
The two fixed points used were the melting point of ice, 0°, and the 
transition temperature of sodic sulphate, 32.383°.* Lastly, the pressure 
exerted by the gas can be certainly read to within the hundredth of 
a millimeter of mercury and always under the same conditions, which 
are entirely independent of atmospheric pressure. 

The last object is attained by comparing the pressure in a special reser- 
voir (which is not open to the atmosphere and which is protected from 
changes in temperature) with the pressure of the gas under investigation, 
and then reading the pressure within thi3 reservoir with the required 
degree of accuracy by means of the admirable barometer devised by 
Lord Rayleigh.f In this way the pressure can always be read under 
the same conditions and entirely independently of the accidental state 
of the atmosphere. It must, of course, be. proved that the means of 
comparing the pressure of the investigated gas and the pressure within 
the reservoir introduces no new source of error. 

The arrangement which has been devised is as follows : The gas to be 
experimented upon is contained in the bulb A (Figure 1), which is firmly 
held in place in the bath B. In adjusting the apparatus at the lower 
of the two temperatures (0°) the mercury is raised by means of the 
levelling bulb V, which is carried by a finely threaded screw, until elec- 
trical contact with the platinum point a is established. The establish- 
ment of this contact between the platinum point and the mercurv is 
shown by the movement of a galvanometer needle. Preliminary experi- 
ments proved that by this method a smaller change in the level of the 
mercury could be detected than could be noted by observation through 
the telescope ; that is, a change less than the hundredth of a millimeter. 

* Am. J. Set., 6, 201 ; Zeit. phys. Chem., 26, 690 (1898). A more accurate study 
of this point has been made recently, and very trustworthy data, giving its true 
value in terms of the international standard, have been obtained. This investiga- 
tion, by T. W. Richards and K. C. Wells, will lie published in this Volume. 

t Lord Rayleigh, Proc. Roy. Soc, 53, 135-138 (1893). 
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The electromotive force and strength of the indicating current should be 
very small, in order to avoid the occurrence of sparks. This point a 
fixes both the volume and the level of the mercury. 

After the position of contact with a has been fixed, the pressure in the 
opposite arm C is adjusted by changes in the amount of mercury in the 
insulated reservoir R, so that contact is just made with the second point 
a' also. The reservoir R is the outside reservoir referred to above, and 
consists of a glass bottle of one and one-half litres capacity, packed 
in cotton and resting inside a wooden box. The time between the final 
adjustment of pressure within this reservoir and the reading of this 
pressure is so short (from one to two minutes) , that with this amount 
of packing, perceptible change in pressure due to change in temperature 
does not take place. The pressure of the gas in A is the same as the pres- 
sure in C and in the connecting reservoir R, plus or minus the difference 
in height between the points a and a'. Before proceeding, the adjust- 
ment at these two points is made again several times, in order that each 
may be certainly established. 

The pressure in C and in R is now measured with great accuracy 
by means of the Lord Rayleigh pressure gauge, shown in the left part 
of the figure. Here contact is made with the lower point I of the iron 
rod F. The observation is made through a magnifying glass perma- 
nently fixed in position. The space H is exhausted by a Sprengel 
pump and the vacuum obtained is measured by a McLeod gauge G. The 
pressure in the tube C and reservoir R is thus measured by the height 
of the mercury meniscus m above the point /. This is easily determined 
by measuring through a telescope the distance between point n and the 
meniscus m, since the distance from the point / to the point n of the 
iron rod F can be directly measured. This reading completes the per- 
formance at the lower temperature. 

The ice in the bath B is then replaced by about ten kilograms of 
sodic sulphate at its transition temperature, and a similar setting is 
made, using the points b and V instead of a and a 1 . Since the tubes 
are essentially alike at a, a', b, and V, and since the volumes are so 
arranged that there is very little change in pressure upon change in 
temperature of the bath, the conditions of measurement of pressure are 
always the same, and the measurements may be made very accurately. 
This uniformity of conditions eliminates constant errors, such as those 
due to capillarity and a possible refraction of the glass. 
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Measurements. 

The first measurement to be undertaken was the determination of the 
required volumes. The bulb A and side tube C, before being placed in 
the bath, but while held in an upright position, were filled with mercury. 
The end of the side tube was then closed firmly with a pinch-cock at d, 
and the mercury filling the space between the stop-cock at the top of the 
bulb and the point a, and that between the point a and the point b were 
in turn run out and separately weighed. Allowance was made for the 
weight of mercury held by the stop-cock. The temperature was noted, 
and the volume calculated from the tables of the specific gravity of 
mercury given by Landolt and Bornstein. In correcting for the expan- 
sion of the glass, the value 0.000025 for the coefficient of expansion of 
glass was assumed as accurate enough for preliminary experiments. In 
conclusive work this value should of course be determined. 

Temperature J^f^ttlt JI™?.™^ Volume of largo Volume of expansion 

Cen?igra«e. "*£ ^Sbulb. »ulb at 0^ C. bulb at 32 W 

grams. grams. c.c. c c. 

20.0° 3709.7 441.90 273.72 32.631 

20.0° 3710.5 442.02 273.77 32.640 

20.0° 3709.5 441.93 273.70 32.633 

Average . . . 273.73 ± 0.01 32.635 ± 0.002 

The " probable errors," obtained by the well known method of least 
squares, show that the average values are sufficiently accurate. 

The large bulb must have been 0.222 c.c. larger at 32.4° than at 0°. 
Thus, since the volume of the large bulb at 0° is 273.73 c.c, that of the 
total, as far as the point b, at 32°. 4, is 306.59 c.c. 

In an ideally perfect apparatus of this type the distances between the 
platinum points a and b on the one side and the points a' and V on the 
other should be exactly the same. Since, however, it is not possible to 
seal these platinum points into the glass tubes with the requisite accuracy 
of position, it is necessary actually to measure the distances between the 
two sets of points and apply the corrections thus obtained to the succes- 
sive observed readings of the pressures in the reservoir R. 

In measuring the difference between the distances a to b and a' to b', 
the bulb, before being mounted in its final position, was inclined very 
slightly, at such an angle that the points b and b 1 were at exactly the 
same level, as shown by their simultaneous electrical contact on slowly 
raising the mercury in the tubes. The difference in level between the 
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points a and a' was then observed by means of the micrometer-telescope 
of an excellent Geneva cathetometer. The divisions of the micrometer 
had previously been standardized by reference to various parts of an 
accurate Geneva brass meter-stick placed at the same distance from the 
telescope as was the bulb. For the sake of greater simplicity in cal- 
culations, this distance (79 cm.) between the scale and the object lens of 
the telescope was always adopted whenever the telescope was used. 
Five determinations on different parts of the scale gave an average value 
of one division of the micrometer screw dial as equal to 0.01248 mm. 
In order to verify the measurement of the platinum points, the upper 
pair were afterwards levelled, and the heights of the lower pair were 
observed through the telescope. The following nine determinations 
showed the distance between the points in the side tube to be greater 
than that between those in the bulb by 0.90 mm , 0.89 mm., 0.86 mm., 
0.88 mm., 0.89 mm., 0.88mm., 0.87 mm., 0.86mm., 0.87 mm.; average 
0.88 mm. 

The bulb was then placed into its position in the bath, joined at d 
by a rubber connector to the rest of the apparatus, and firmly clamped to 
a massive horizontal iron rod. This part of the apparatus is not shown 
in the diagram. It is absolutely essential that this clamping be as rigid 
as possible, since a change in the position of the bulb between one set of 
readings and another would be fatal to the accuracy of the experiment. 
The ends of the horizontal rod were clamped to two firm iron supports 
a meter apart. In order to cause a change in the observed relative 
heights of the platinum points great enough to affect the result of the 
experiment, one end of the rod would have to be raised five tenths of a 
millimeter above the other end. In our apparatus, the unequal coeffi- 
cients of expansion of the supports caused as a matter of fact a slight 
displacement of this kind, which will be obviated in further work. An 
empirical evaluation of this effect showed it to amount to 0.025 mm. (at 
the points) per degree ; but this correction was often eliminated, since the 
observations were made as much as possible at constant temperature, 
when the bulb was unalterable in position. 

The bath consisted of a large inverted glass bottle, from which the 
bottom had been cut off. It was surrounded by cotton, then by a coil 
of lead pipe through which warm water was passed when the bath was 
filled with sodic sulphate, and then again by cotton. The whole was 
enclosed in a wooden box, which served as a support and which was 
securely screwed to the immovable desk upon which all the apparatus 
stood. 



424 PROCEEDINGS OP THE AMERICAN ACADEMY. 

In order to dry the bulb, it was exhausted five times by means of a 
Sprengel mercury-pump, while the bath was filled with water at 70° C. 
The air which entered was dried by passing through sulphuric acid and 
over phosphoric oxide. The hot water of the bath was next replaced by 
a mixture of hydrous and anhydrous sodic sulphate, which was kept at 
its transition temperature by the passage of warm water through the 
lead-pipe coil surrounding the bath. The temperature of the sodic sul- 
phate bath was verified by very accurate thermometers.* 

It was found necessary to fill the bulb at the higher temperature, 
because that mixture of rubber and paraffitie, used as a lubricant for the 
stop-cock, which was of the proper viscosity at 32° C, became so stiff at 
0° C. that the stop-cock could not be turned at that temperature without 
leakage. 

The exhausted bulb was now filled with hydrogen, which had been 
made electrolytically from hydrochloric acid with a zinc amalgam 
anode.f The hydrogen was purified by passing through strong sodic 
hydroxide and over phosphoric oxide. After filling the bulb, the 
hydrogen was allowed to stream through it for half an hour, passing out 
at the stop-cock e. The euclosing within the bulb an amount of hydrogen 
suitable for the experiment is a somewhat delicate operation. In the 
first place the connection between the bulb and the side tube C was 
closed by mercury. By regulating the amount of mercury in the reser- 
voir R, a pressure was obtained in the tube C which caused the mercury 
in the Lord Rayleigh barometer to stand within a millimeter of the 
upper iron point n when the lower point I was just in contact. The 
pressure in the bulb itself was next made approximately equal to that in 
C, as shown by simultaneous contacts at the points b and b'. This was 
accomplished by adding hydrogen to or removing it from the bulb by 
means of another small bulb with mercury inlet attached to the hydrogen 
supply system. The stop-cock at the top of the bulb was then 
closed. 

A more accurate adjustment of the pressure in the reservoir R was 
now made, so that the contacts of the mercury with the platinum points 
b and b' were perfectly simultaneous ; the contact at the lower point I of 

* The Baudin thermometers No. 9389 and No. 9390, used for the determination 
of the transition temperature of sodic sulphate by Richards and Churchill (Amer- 
ican Journal of Science, 6, 201 (1898), also Zeitschr. phys. Chem., 26, 690, were 
employed for this purpose. Their relation to the international scale has since 
been verified by Richards and R. C. Wells with the greatest care. 

t Cooke and Richards, These Proceedings, 23, 168 (1887). 
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the iron rod of the gauge was made with great care ; and finally the dis- 
tance between the meniscus m and the point n was read through the 
telescope. It was found possible to be certain of this very important 
reading within 0.01 mm. when the illumination was properly arranged. 
The pressure in the upper part H of the gauge was immediately taken 
by means of the McLeod gauge G — the reading of which multiplies the 
real pressure by fifty — and also the temperature of the Lord Rayleigh 
barometer was observed by means of two thermometers placed one at its 
top and one at its base. It is necessary that this temperature be known 
to within the tenth of one degree, in order to correct for the unequal 
expansion of the mercury column and the iron rod. To prevent sudden 
changes of temperature the barometer was incased in a wooden air- 
jacket, the lower iron point being observed through a glass window. 
When the room containing the apparatus varied rapidly in temperature, 
the jacket was not always adequate for its purpose, hence the observations 
were usually made when the room was at constant temperature. After 
the first setting, which involved the admission of the suitable amount of 
hydrogen into the bulb, subsequent determinations consisted merely in 
adjusting the pressure in the side tube so as to make simultaneous con- 
tacts at the platinum points, and in making the readings on the Lord 
Rayleigh barometer. This process took about five minutes and was 
repeated at intervals during the day. When the temperature of the 
room remained nearly constant, these readings were very uniform, show- 
ing that the setting of the instrument could be accomplished with sufficient 
accuracy. For example, three successive readings in a typical case were 
1.30 mm., 1.31 mm., and 1.30 mm. 

The readings at the lower temperature were made in every particular 
in the same manner as those just described. The purity of the ice in the 
bath was tested by the temperature of melting, recorded by the same 
thermometers as were used in the sodic sulphate, and also by the anal- 
ysis of the water coming from the melted ice. A complete observation , 
then, consisted of one series of readings at high temperature, and a 
similar one at low temperature. It will be noticed that the essential 
part of the experiment consisted in the observation of slight changes in 
pressure, measured in such a way that any error tends to eliminate itself. 
These changes were so small that Boyle's law may safely be used in 
referring them to changing volume. 

In calculating the coefficient of expansion, let a equal the expansion 
per degree centigrade of unit volume at 0°C. Let V equal the volume 
at 0° C ; v the increase in volume ; t the difference in temperature between 
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the two baths ; P the original pressure; p the small increase of pressure 
in the gauge on the reading at higher temperature ; and K the constant 
value to be subtracted from p due to the greater distance apart of the 
platinum points in the side tube over the distance apart of those in 
the bulb. 



Then a = 



(P + p-K) (V+y)-PV 
PVt 



It will be seen that it is not necessary to know the numerical value of 
P very accurately, while p must be known as precisely as possible. The 
values V, v, and K are constant, and have already been given as 
V= 273.73 c.c., v = 32.86 c.c, K— 0.88 mm. The value t° would 
also be a constant, but for the fact that the sodic sulphate in the bath 
was not always perfectly pure. A correction for the exposed stem of 
the thermometer was made in taking this temperature, and the tempera- 
ture was then reduced to the international hydrogen scale. 

The results of the experiments on hydrogen appear in the following 
table. The first few determinations are omitted, since the manipulation 
of the apparatus had not at that time become perfected. 

HYDROGEN. 



Number. 


p. 


P- 


t°. 


a. 






mm. 


°c. 




i. 


744.5 


-0.16 


32.38 


0.003659 


2. 


742.7 


-0.40 


32.30 


0.003656 


3. 


742.7 


-0.19 


32.38 


0.003657 


4. 


742.7 


-0.15 


32.38 


0.003659 


5. 


742.7 


-0.17 


32.38 


0.003659 


6. 


742.7 


-0.20 


32.37 


0.003658 


7. 


742.7 


-0.17 


32.37 


0.003660 


8. 


742.7 


-0.29 


32.32 


0.003660 


9. 


743.9 


-0.29 


32.32 


0.003660 




Ave 






0.003659 
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Since the temperature of the sodic sulphate is referred to the inter- 
national hydrogen scale, — that is, to the increase in tension of hydrogen 
at constant volume, — this series of results is merely a comparison 
between the thermal coefficient of hydrogen at constant volume and that 
at constant pressure. 

A mixture of ninety-eight per cent of nitrogen and two per cent of 
hydrogen had the following coefficient of expansion : 

IMPURE NITROGEN. 



Number. 


P. 


V- 


t. 


a. 






mm. 


°c. 




1. 


745.2 


-0.16 


32.37 


0.003660 


2. 


745.2 


-0.16 


32.37 


0.003660 


3. 


745.2 


-0.24 


32.34 


0.003660 


4. 


745.2 


-0.21 


32.34 


0.003661 




Averai 






0.003660 







Carbon dioxide made by the action of hydrochloric acid on marble, 
and purified by passing through acid sodic carbonate solution, sulphuric 
acid and over phosphoric oxide, gave the following results : 



CARBON DIOXIDE. 



Number. 


P. 


V- 


t. 


O-, 






mm. 


°c. 




i. 


738.0 


+1.50 


32.34 


0.003741 


2. 


738.0 


+1.26 


32.35 


0.003729 


3. 


738.0 


+1.16 


32.35 


0.003724 


4. 


738.0 


+1.30 


32.35 


0.003730 


5. 


738.0 


+1.20 


32.35 


0.003726 


Average of last 4 . . . 


0.003727 
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The comparison of these last two tables with that concerning hydrogen 
is instructive and valuable even if a small undetected constant error 
is concealed in them all, — for such an error must be the same in each, 
and thus eliminate itself during comparison. Evidently the coefficient 
of expansion of nitrogen under constant pressure must be very nearly 
the same as that of hydrogen, while that of carbon dioxide is far greater. 
The newly found value 0.003727 for carbon dioxide is larger than the 
value found by Regnault (0.00371) ; but it must be remembered that the 
latter is merely an average value over a wide range of temperature, 
while the former involves only the change from 0° to 32.38°, where 
carbon dioxide is rather a vapor than a gas. The highest value found 
in the first experiment is probably to be attributed to the adsorption of 
the gas, which seems to have varied consistently thereafter. This sub- 
ject will be treated in greater detail in subsequent communications. 

"We are much indebted to the Rumford Fund of the American Acad- 
emy for valuable pecuniary assistance in this investigation. 

Summary. 

The desirability of new determinations of the coefficient of expansion 
by heat under constant pressure for various gases is pointed out. An ap- 
paratus is described which possesses the advantages of having all the gas 
at known temperature, of affording the means of measuring pressure 
to within one-hundredth of a millimeter of mercury, of using a small 
temperature-interval, and of eliminating many possible constant errors by 
making the observations of pressure always under similar conditions. 

A table of results of experiments on the expansion of hydrogen under 
constant pressure, as compared to its previously determined tension in 
constant volume, shows the possibility of attaining an accuracy equal 
to that desired, namely, one part in thirty-six hundred. Two other sets 
of measurements are appended which show that nitrogen expands at 
essentially the same rate as hydrogen, while carbon dioxide exhibits 
a very great deviation. It is proposed to make a large number ot 
experiments on different gases at different pressures with the aid of 
this apparatus. 

It may also be worthy of note that for the first time sodic sulphate has 
been used on a large scale for maintaining a constant temperature. 



